Background: Perfusion index (PI) is a noninvasive measure of perfusion. ΔPI (difference between pre-and postductal PI) may identify hemodynamically significant PDA. However, studies are limited to brief and intermittent ΔPI sampling. Our objective is to assess the value of continuous high resolution ΔPI monitoring in the diagnosis of PDA. Methods: Continuous ΔPI monitoring in preterm infants was prospectively performed using two high-resolution pulse oximeters. Perfusion Index measures (ΔPI mean and variability, pre-and postductal PI) were analyzed over a 4-h period prior to echocardiography. A cardiologist blinded to the results evaluated for PDA on echocardiography. Linear mixed regression models were utilized for analyses. results: We obtained 31 echocardiography observations. Mean ΔPI (−0.23 vs. 0.16; P < 0.05), mean pre-PI (0.86 vs. 1.26; P < 0.05), and ΔPI variability (0.39 vs. 0.61; P = 0.05) were lower in infants with PDA compared to infants without PDA at the time of echocardiography. conclusion: Mean ΔPI, ΔPI variability, and mean pre-PI measured 4 h prior to echocardiography detect PDA in preterm infants. PI is dynamic and should be assessed continuously. Perfusion index is a promising bedside measurement to identify PDA in preterm infants. P atent ductus arteriosus (PDA), a common condition in preterm infants, leads to shunting of blood between the systemic and the pulmonary circulations. Approximately 65% of infants born between 25 and 28 wk gestational age (GA), and 85% of those born at 24 wk GA will have PDA at first week of life (1). Persistent patency is associated with adverse outcomes, including prolonged assisted ventilation and higher rates of death, bronchopulmonary dysplasia, pulmonary hemorrhage, necrotizing enterocolitis, impaired renal function, intraventricular hemorrhage, periventricular leukomalacia, and cerebral palsy (1,2). Because of these associated complications, majority of infants < 28 wk GA will receive medical or surgical therapy in an attempt to close the PDA (1-3). Currently, the gold standard for PDA diagnosis is echocardiography (2,4-8), and often clinical symptoms are not associated with echocardiography findings (1,4).
P
atent ductus arteriosus (PDA), a common condition in preterm infants, leads to shunting of blood between the systemic and the pulmonary circulations. Approximately 65% of infants born between 25 and 28 wk gestational age (GA), and 85% of those born at 24 wk GA will have PDA at first week of life (1) . Persistent patency is associated with adverse outcomes, including prolonged assisted ventilation and higher rates of death, bronchopulmonary dysplasia, pulmonary hemorrhage, necrotizing enterocolitis, impaired renal function, intraventricular hemorrhage, periventricular leukomalacia, and cerebral palsy (1, 2) . Because of these associated complications, majority of infants < 28 wk GA will receive medical or surgical therapy in an attempt to close the PDA (1) (2) (3) . Currently, the gold standard for PDA diagnosis is echocardiography (2, (4) (5) (6) (7) (8) , and often clinical symptoms are not associated with echocardiography findings (1, 4) .
Perfusion index (PI) is a noninvasive measure for monitoring the general hemodynamic status of the preterm infant (9) (10) (11) . Perfusion index provides assessment for the pulse strength and is derived from pulse oximetry. PI, measured by infrared light, is calculated as the ratio of the pulsatile (AC) to nonpulsatile components (DC) of the blood flow in tissue (9, 10, 12, 13) . In neonates, PI has clinical application. Granelli et al. (14) correlated lower PI values in infants with critical left heart obstructive disease. In addition, De Felice et al. (15) reported that PI was decreased in infants born to mothers with chorioamnionitis.
Reports are inconsistent as to the value of PI in the assessment of PDA. This may be attributed in part to location and the duration of PI measurements (12, 16) . Khositseth et al. (16) hypothesized that the peripheral perfusion of the lower extremities (postductal) is decreased compared to the right arm (preductal) in preterm infants with hemodynamically significant patent ductus arteriosus (hsPDA). This difference is due to left-to-right shunt across the ductus arteriosus into the pulmonary artery. They reported that a difference in PI between the upper and the lower extremity, or delta PI (∆PI), of more than 1.05% strongly correlated with the echocardiographic diagnosis of hsPDA (sensitivity: 66.7%, specificity: 100%, positive predictive value: 100% and negative predictive value: 86.4%). Their study was limited by a one-time observation that may not be reflective of the hemodynamic variability of perfusion in infants with PDA. Alternatively, Vidal et al. (12) conducted a study to evaluate the postductal PI of premature infants in order to categorize the PDA status and found that postductal PI did not correlate with PDA and was not influenced by ductal flow pattern.
We conducted a prospective study to assess the value of ∆PI in the diagnosis of PDA in preterm infants, using high resolution continuous pre-and postductal monitoring.
METHODS
This prospective study was conducted at a level IV NICU between November 2014 and July 2015. The study was approved by the Institutional Review Board of the University of Kentucky and parental informed consent was obtained in all cases. Infants with GA ≤ 29 wk were enrolled on the first day of life and followed for a 2-wk period. Infants with major congenital malformations were excluded. Those infants in which we had an echocardiography and adequate PI data for 4 h prior to the echocardiography were chosen for analysis.
Perfusion Index Measurement
Perfusion index was continuously monitored using high resolution (2 s averaging time, 1 Hz sampling rate) pulse oximeters (Masimo Radical-Masimo Corporation, Irvine, CA). In order to capture echocardiograms performed for PDA assessment, data were recorded continuously during the first 14 d of life. Subjects were connected to two pulse oximeters simultaneously; right upper extremity for preductal monitoring and either lower extremity for postductal monitoring. Data from pulse oximeters were continuously stored to serial data recorders. The pre-and postductal PI difference (ΔPI) was defined as the PI measured preductal minus the PI measured postductal (16) .
Echocardiography
Two-dimensional, color Doppler, spectral Doppler, and M-mode echocardiography was performed to assess for PDA at the discretion of the attending physician using a Phillips IE33 echocardiography machine with 12-MHz transducer. A cardiologist, blinded to the results of the study, independently examined the echo images and categorized subjects into the following three groups: (i) hemodynamically significant PDA (hsPDA); (ii) nonhemodynamically significant PDA (non-hsPDA), and (iii) no PDA. The definition of hsPDA included infants with at least two of the following: (i) ductal diameter at the pulmonary side ≥ 1.4 mm/kg; (ii) left atrial to aortic ratio ≥ 1.5; (iii) left pulmonary artery (LPA) mean flow velocity of ≥ 0.42 m/s; and (iv) LPA end-diastolic velocity of ≥ 0.2 m/s (3, 5, 7, (17) (18) (19) .
Sample Size
In order to determine the minimum sample size needed to assess the value of ∆PI in PDA diagnosis, we utilized the results reported in the pilot data by Khositseth et al. (16) . Assuming the ∆PI (%) mean and SD are 1.00 and 0.70, respectively, for children with PDA and 0.04 and 0.10, respectively, for children with no PDA, we calculated a total required study sample size of 15 infants (power 80%, α = 0.05).
Data Management and Statistical Analysis
The pulse oximeters serial data recorders were time synced. Perfusion Index sampling rate was 1Hz (every second). However, there were rare occurrences of two values per second. In such cases, the average value for the given second was utilized. In order to better visualize an example of PI values over time (Figure 2) , we plot PI values that were averaged over each minute. Any given value, at any given second, by itself will not represent a true overall reflection of PI for the duration of several hours, and thus cannot be used to accurately predict PDA. We therefore decided, for predictive purposes, to assess the utility of average ΔPI values during the 4 h prior to an echocardiography as a single measure of PI to predict PDA which could better represent the hemodynamic status of preterm infants. This period of 4 h will capture changes resulting from the ultradian rhythm that has been reported in premature infants (20) . Subjects with 4 h of adequate monitoring prior to the echocardiography were considered for analysis. Artifacts and extreme values, found in less than 2% of PI measurements, were removed as they were associated with inadequate signal capture.
Data analyses were conducted by a statistician. The primary outcome of interest is the average ∆PI during the 4 h leading up to echocardiography and pre-and postductal PI were secondary outcomes. Furthermore, PI variability was analyzed by using the outcome of the SD of the individual PI values over the 4 h. When comparing mean values for no PDA, non-hsPDA and hsPDA, linear mixed regression models were utilized in order to account for repeated measurements in subjects with multiple echocardiograms. The Kenward and Roger degrees of freedom method was used for inference (21) . Generalized estimating equations with the Kauermann and Carroll correction (22) and between-within degrees of freedom were used to evaluate baseline differences among groups defined by PDA status. Analyses were conducted in SAS Version 9.4 (SAS Institute, Cary, NC). All tests were two-sided at the 5% significance level.
RESULTS
A total of 40 infants were enrolled upon admission. Of these, 4 had no echocardiography performed and 16 had missing PI data or artifacts during the study period. Final analyses included data from 20 infants with a total of 31 echocardiography observations (each infant was observed at 1 to 3 occasions) (Figure 1) . Eighteen infants were found to have PDA on echocardiography. The characteristics at birth of the infants did not significantly differ between those with and without PDA, as shown in Table 1 . The baseline characteristics of the infants at the time of echocardiography are presented in Table 2 ; no statistically significant differences were noted among groups. As represented in Figure 2 , PI values were found to be highly variable with changes every minute. 
DISCUSSION
Our study demonstrates that the mean ΔPI, mean pre-PI and the ∆PI variability can identify PDA in premature infants. Mean values of ∆PI, pre-and postductal PI and ∆PI variability were continuously calculated over the 4-h period prior to echocardiography compared to intermittent measures as previously described (11, 12, 14, 23, 24) . Our observations are somewhat contradictory to initial expectations related to changes in preductal PI and ΔPI. We expected to observe a steady preductal PI and a decreased postductal PI leading to a larger ΔPI in infants with PDA. The negative ΔPI (Figure 3) is likely a combination of a decreased preductal PI (reported by Karadag et al. (25) ) and a postductal PI that is either steady (reported by Vidal et al. (12) ) or increased (reported by Alderliesten et al. (9) ). These results have a combined effect towards a negative ΔPI value found in infants with PDA.
We found the preductal PI to be significantly lower in infants with PDA compared to infants without PDA (Figure 4) . To understand this result, we refer to the definition of PI (AC/ DC*100) (15, 26) , wherein AC is the pulsatile component of the signal and DC is the nonpulsatile component. Infants with PDA can have an absent or reverse flow during diastole in the postductal sites but continuous forward blood flow in the preductal sites (7, 8) . In infants with PDA, there is also an increase in the cardiac output to compensate for the decreased perfusion in the postductal sites (27) (28) (29) . This change in cardiac output increases the preductal DC component in infants with PDA compared to no PDA; explaining why the preductal PI is lower in these infants. Our results are consistent with Karadag et al. (25) who analyzed the preductal PI in infants treated with surfactant. They found that the incidence of PDA was greater among the infants with a lower preductal PI.
Our study shows no difference between mean postductal PI in infants with PDA and no PDA. Our findings are consistent with Vidal et al. (12) who found no statistically significant difference or correlation between postductal PI and PDA in premature infants. Although not statistically significant, the postductal PI was higher in our infants with PDA compared to infants without PDA (Figure 4) . We believe that with PDA there is a decrease in the DC component of the postductal PI due to the overall lower perfusion and decreased mean arterial pressure at the postductal sites (30, 31) . Furthermore, our findings are consistent with the report by Alderliesten et al. (9) who found in a study of 342 neonates that infants with hsPDA had higher postductal PI than infants without hsPDA. They attributed this finding to a hyperdynamic circulation with a widened pulse-pressure resulting in an increase in the AC component. We believe that the increase in postductal PI, if present, is the result of a combination of the effect of the elevated AC component (due to the hyperdynamic circulation) and a decreased DC component (due to a decreased general perfusion).
Given that the mean ∆PI may not reflect instantaneous hemodynamic changes, we also assessed the variability of the ∆PI over the 4-h monitoring period. Since the correlation of blood flow and PI has already been established (11, 32) , we believe that the ∆PI variability should also correlate with the hemodynamic status of the infant. Our findings show that infants with PDA have significantly lower ∆PI variability compared to those with no PDA (Figure 5) . Although trending in the same direction, changes in variability were not statistically significant for pre-and postductal PI ( Figure 5) . The change in ∆PI variability observed in our study is noteworthy since it has not been previously described. De Felice et al. (15) speculated that changes in PI variability may be associated with neonatal morbidities, similar to heart rate variability. Decreased heart rate variability in preterm infants with PDA was described by Prietsch et al. (33) . This decreased heart rate variability resolved after treatment with indomethacin. ΔPI and heart rate variability are valuable at identifying subclinical cardiovascular dysfunction in preterm infants (15) . The variable PI, as a reflection of the changing hemodynamic status of infants, may also explain the discrepancy among PI values reported in different studies (9, 13, 14, 23, 24) . Compared to other studies (11, 12, 14, 23, 24) , we measured PI with high resolution (1 s sampling rate) continuous pulse oximetry which gives our study the strength of having high quality monitoring for long periods of time. We advocate for continuous measurement of PI compared to spot checks; however, the question that remains to be answered is the optimal monitoring duration needed to detect hemodynamic instability. 
Articles
The echocardiographic classification of hsPDA used in this study is commonly reported in the literature (8, 30, 31) but did not correspond to the clinical status of our infants. Those infants designated by echocardiography as hsPDA required less mechanical ventilation, had less FiO2 requirement, and no difference in acidosis compared to non-hsPDA; although not statistically significant ( Table 2) . It is possible that mechanical ventilation may have an effect on PI measures; however, our sample size does not allow to determine an independent effect of ventilation on PI changes. Our study was not designed to establish any correlation between the PI values and the clinical severity of the ductus arteriosus. Even though the ductal stealing phenomenon in infants with PDA is well known (17, 30, 31) , its relationship with end organ hypoperfusion and neonatal morbidity remains controversial (34) .
Although we achieved the planned observations per our power calculation (accounting for data loss), our sample size is small to evaluate other factors that may affect PI values. Our study has the strength of offering continuous high-quality monitoring throughout the study period. This allowed us to adequately assess the relationship between PI and PDA.
We were able to demonstrate that a lower mean ΔPI and pre PI values over a 4-h period have the potential to detect the presence of PDA in premature infants. We are the first to report a lower variability in ∆PI in infants with PDA compared to infants without PDA. Perfusion index provided by the bedside monitor is a promising bedside tool to assess for PDA in preterm infants. Future studies with a large cohort are needed to determine the clinical utility of PI in predicting PDA and monitoring of its hemodynamic course through days of treatment.
